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OCCLUSION DETECTION SYSTEM FOR AN INFUSION PUMP 
BACKGROUND OF THE INVENTION 

5 Medical infusion pumps serve the needs of 

patients receiving intravenous, intramuscular or similar 
pharmaceutical therapy by delivering controlled amounts 
of fluid under pressurized flow conditions to the 
patients. Infusion pumps provide the additional 
10 advantage of being portable, allowing the patient to 

carry on normal activities while still maintaining his 
or her intravenous fluid administration regiment. 

Infusion systems generally draw fluid from 
reservoirs through tubing. Additional segments of 
tubing are used to deliver the fluid from the infusion 
pump to the patient. Ideally, a continuous section of 
tubing extending from the fluid reservoir to the 
delivery needle is used to insure sterility. 

If the tubing becomes occluded or partially 
occluded, the patient may be subject to an "under 
delivery" or "no delivery" situation. The problem of 
occlusion detection is further complicated in that many 
patients maintain and operate their own fluid 
administration regiment without the supervision of 
health care providers. Therefore, detecting occlusions 
in the fluid lines is important for safe and effective 
operation of the infusion pumps. 

Occlusions may be of two kinds, upstream and 
downstream of the pump. Each has its own set of 
indications. Upstream occlusions may be detected by an 
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upstream sensor monitoring pressure drop in the upstream 
tubing. In such situations, the "pull" of the infusion 
pump against the occlusion will produce up to a -10 psi 
pressure drop or partial vacuum relative to a baseline 
5 pressure of the system, the baseline being defined, and 
for the purposes of this invention is defined, as the 
system pressure present between pumping cycles when the 
system is operating in an unoccluded condition. This 
phenomenon has led to the technique disclosed in U.S. 

10 Patent No. 5,096,3 85 (the '385 patent) to measure 

upstream occlusions in connection with a peristaltic 
infusion system. 

In particular, the '385 patent discloses use 
of a downstream pressure sensor to detect negative going 

15 pressure transients and identify upstream occlusions in 
the peristaltic system. The normal pressure curve 
created by the peristaltic action of this system is the 
result of the wave -like motion of pump "fingers" and 
exhibits no pressure drops as the fluid is pressurized 

20 and propelled to the patient. The detection method of 
the '385 patent appears to require sensing detection of 
small pressure changes, e.g., as little about 0.6 psi 
and cannot be applied to situations where the normal 
pumping cycle exhibits transient pressure drops. 

25 Moreover, irrespective of the placement of the sensor, 
it is commonly not possible to accurately measure this 
degree of change when detecting across a tube wall. 
This kind of measurement typically requires insertion of 
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a sensor in the fluid path or operation of a sensor 
across a flexible membrane adjacent to the fluid path. 
Both of these options present risks to the sterility of 
the fluid being infused, a problem that is further 
5 complicated where a patient is maintaining his/her own 
infusion regimen. Sensors in the fluid path would have 
to be either disposable or re-sterilizeable . Membrane 
type sensors require a disposable tubing set specific to 
the sensor. 

10 Downstream occlusions may be detected by a 

downstream sensor monitoring pressure change in the 
downstream line. U.S. Patent No. 4,526,574, for 
example, discloses measuring an initial tube wall 
deflection or pressure to determine a fixed baseline 

15 value (pre -pumping cycle pressure) at the beginning of 
the infusion process. Subsequent measurement must be 
within a predetermined range relative to the fixed 
baseline value, or an alarm will sound. Additionally, 
the ' 574 patent fails to consider the variations that 

2 0 occur in the system over its running time and fails to 
account for elevated pressure resulting from overfilled 
medication containers. 

Therefore there is a need to develop an 
improved system and method for detection of up and 

25 downstream occlusions. The system and method would 

operate by pressure detection directly through infusion 
tubing walls and account for pressure variability 
resulting from the infusion system, the tubing and the 
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patient. An additional need is the development of an 
accurate system that avoids compromise of infusion fluid 
sterility. 



5 SUMMARY OF THE INVENTION 

The present invention is directed to a method 
and a system for monitoring pressure conditions in a 
fluid pressure upstream or downstream of an intravenous 
fluid administration pumping system (e.g., an infusion 
10 pump) and for detecting upstream or downstream 

occlusions, respectively. The method and system detect 
signal changes in fluid pressure across the wall of the 
tubing so that no interruption in the fluid tubing is 
required to measure pressure. 
15 For detection of upstream occlusions, the 

system and method of the invention employ a pressure 
sensor, a control module and an alarm module. The 
pressure sensor is positioned upstream of the infusion 
pump while the control and alarm modules are typically 
20 integrated into the pump control modules. During an 
initial period of operation, the sensor monitors 
transient pressure conditions which occur during 
operation including a normal, transient reduced pressure 
condition produced upstream during un-occluded 
25 operation. The control module compares those pressure 
conditions with user preselected pressure values. If 
the pressure conditions pass this comparison, the 
control module stores them as normal operation 
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conditions. The control module then sensed pressure 
conditions of a currently running pumping cycle with the 
stored pressure conditions and optionally with the 
preselected values. The alarm module signals detection 
5 of an upstream occlusion and may shut down the pump when 
the control module determines that a change in the 
transient, normal reduced pressure condition has 
occurred. 

For detection of downstream occlusions, the 
10 system and method of the invention also employ a 

pressure sensor, a control module and an alarm module. 
The pressure sensor is positioned downstream of the 
infusion pump while the control and alarm modules are 
typically integrated into the pump control modules. 
15 During an initial period of operation, the sensor 
monitors transient and -steady state" pressure 
conditions which occur during operation including the 
transient, increased pressure condition produced 
downstream during un-occluded operation and the "steady 
state" pressure present after a pumping cycle is 
completed (hereinafter baseline pressure condition) . 
The control module compares those pressure conditions 
with user preselected pressure values. If the pressure 
conditions pass this comparison, the control module 
stores them as normal operation conditions. The control 
module then compares sensed pressure conditions of a 
currently running pumping cycle with the stored pressure 
conditions and optionally with the preselected values. 
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The alarm module signals a downstream detection of 
occlusion when the control module determines that a 
change, preferably an increase, in the transient maximum 
increased pressure condition has occurred and/or a 
5 change in the steady state pressure condition 

represented by the baseline pressure condition has 
occurred. 

Because the upstream and downstream pressure 
sensors only need to monitor relative pressure 

10 conditions rather than measure absolute pressure, low 

cost sensors can effectively be used to identify changes 
in the pressure profile across the tube wall which 
signify occlusions. 

The present invention further preferably 

15 incorporates a normalization process into the above - 
desired method and system. The normalization process 
accounts for changes in the normal tube force and/or 
tube resiliency. The process allows for accurate 
pressure measurements across the tube wall and is based 

20 upon measurement of changes in overall tube force over 
time. Use of the normalization process preferably 
improves the accuracy of the detection of upstream 
and/or downstream occlusions. Preferably, the detection 
can be made with only one pump activation, so that 

25 misdelivery can be minimized. 

The normalization process is performed by the 
pressure sensor and control module. The process 
involves taking a series of tube force measurements at 
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certain times during a pumping cycle and comparing .such 
measurements taken over a series of cycles. To make the 
measurements, the tubing is uniformly contacted with, 
and is preferably partially compressed against, the 
5 sensor. In an initial measurement step, an estimated 
tube force is determined, preferably before the first 
infusion cycle. In subsequent measurement steps for the 
normalization process, one or more pre-cycle tube force 
measurements are taken prior to the beginning of each 

10 pumping cycle. If the estimated tube force is greater 
than such cycle force measurements, the estimated tube 
force is revised as a function of the difference between 
the estimated tube force and the cycle force 
measurements. Alternatively the estimated tube force 

15 can be decreased by a preset factor as a function of the 
time period since the initial force measurement. The 
preset factor is based upon a standard relaxation curve 
for the tubing involved. The function preferably is a 
linear function logarithmic of time. 

20 In addition, the present invention preferably 

includes a further process to account for change of 
tubing resiliency due to change of temperature. This 
process is used in conjunction with the normalization 
process. The process involves adjustment of tubing 

25 resiliency as a function of tubing temperature. 

When the normalization process is used with 
occlusion detection, the fluid pressure of concern is 
determined as a function of the difference between a 
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measured force and the revised estimated tube force. 
This determination reduces inaccuracy in the pressure 
readings due to changes in the tubing over time. When 
the upstream pressure decreases under this normalization 
process, an occlusion rather than tube relaxation is 
indicated when a difference is present between the 
upstream and downstream estimated tube forces, or a 
difference is present relative to a standard curve for 
the estimated tube force. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic illustration of an 
exemplary embodiment of an intravenous fluid 
administration system using an expulsor pump. 
15 Figure 2 is a perspective view of a preferred 

infusion system for use with ambulatory patients. 

Figure 3 illustrates a preferred infusion pump 

according to the invention. 

Figures 4A through 4E illustrate a preferred 
20 sequence of the valves and expulsor mechanism during an 
expulsor cycle of the exemplary expulsor pump of Fig. 1, 
with corresponding graphs of the fluid pressure in the 
tube monitored upstream and downstream of the pump. 

Figure 5 is a pressure- time graph illustrating 
25 an upstream pressure -wave form as the preferred 
exemplary expulsor pump transitions from normal 
operation to an upstream occlusion close to the pump. 

Figure 6 is a pressure-time graph illustrating 
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an upstream pressure -wave form as the preferred 
exemplary expulsor pump transitions from normal 
operation to an upstream occlusion far from the pump. 

Figure 7 is a pressure- time graph illustrating 
5 a downstream pressure -wave form as the preferred 
exemplary expulsor pump transitions from a normal 
operation to a downstream occlusion between the pump and 

the patient. 

Figures BA and 8B are flow charts showing a 
10 preferred process, method and system for determining the 

fluid pressure in a fluid tube across the tube wall of 

the preferred expulsor pump and system where the normal 

tube force changes over time and for detecting transient 

signal changes in an upstream or downstream detector 
15 across the wall of the tubing to identify upstream or 

downstream occlusions. 

Figure 9 is a graph illustrating a sample of 

the change in voltage produced by the sensor and 

indicating tube force relative to time. 
2 0 Figure 10 presents curves of the voltage 

readings at various pressure levels for the tubing at 

8°C, 23°C, and 38°C. 



TIETATLED DFfiHRTPTlON TEE PREFERRED EMBODIMENT 

The present invention is directed to a method 
and system for detecting transient signal changes in 
upstream and/or downstream fluid pressure across a wall 
of a tubing in an infusion apparatus so as to enable 
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identification of an upstream and/or downstream 
occlusion. As discussed in greater detail below, the 
presence of an upstream and/or downstream occlusion is 
signalled if a respective change in a transient upstream 
5 pressure condition or a transient or steady state 

downstream pressure condition is detected. The signal 
may be visual, audible, tactible or any combination 
thereof. The signal may be given at an infusion 
apparatus site, at a remote location such as a nursing 

10 station or a readily observed or felt location on the 
body of the patient. The present invention further 
preferably incorporates a normalization process for 
determining the fluid pressure in a fluid tube across 
the tube wall where the normal tube force changes over 

15 time. This process may be used with the upstream or 
downstream sensing system and method. 

The system and method of the invention may be 
used with any kind of infusion pumping apparatus. 
Medical facility systems such as in-patient hospital 

20 systems for drugs, blood, fluids and the like as well as 
home care and ambulatory systems can be adapted to be 
used with the present invention. Any pumping mechanism 
will work with the present invention. Included are 
peristaltic, roller, expulsor, piston/cassette, 

25 sequential "finger" and other mechanisms for moving 
fluid in a tube. 

Figure 1 illustrates a schematic diagram of a 
preferred intravenous fluid administration pumping 
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system 20 using an expulsor infusion pump 22 , according 
to one exemplary embodiment of the present invention. 
See also U.S. Patent No. 4,565,542; 4,650,469; 5,181,910 
and 4,559,038 for examples of further administration 
5 pumping systems, the disclosures of which are 

incorporated herein by reference. According to Fig. 1, 
a cassette 24 containing a fluid 25 may be connected to 
a pump segment tubing 30 by a tubing 26. A needle 54 is 
provided at a downstream end of tubing 26 for 
10 administering fluid 25 to a patient. As will be 

discussed in more detail below, pump segment tubing 30 
preferably has a larger diameter and greater resiliency 
than tubing 26. The larger diameter of tubing 30 allows 
for more fluid to be pumped for each pump activation and 
the greater resiliency provides sufficient durability to 
withstand repeated deformation during pumping. 

Figure 2 illustrates a preferred configuration 
20' of the fluid administration pumping system 20 for 
providing ambulatory infusion that is schematically 
diagramed in Fig. 1. A container 24' is preferably a 
cassette or cartridge which is attached to expulsor 
infusion pump 22' to form a unitary structure. 
Container 24' includes a sterile bag 56 which is in 
fluid communication with a pump segment tubing (not 
shown), tubing 26', and needle 54'. Container 24' may 
also include a pressure plate (not shown) for retaining 
tubing 30' against infusion expulsor pump 22' . 

Infusion expulsor pump 22' preferably includes 
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a housing 62 containing a keypad 58 for inputting 
operation parameters and a display 60 for monitoring 
pump operations. The operation of keypad 58 and display 
60 may preferably follow the disclosures of U.S. Patent 
5 No. 5,181,910 and U.S. Patent Application Ser. No. 

90,73 8 filed July 13, 1994, the disclosures of which are 
hereby incorporated by reference. 

Turning now to Figure 1, pump mechanism 32 
includes an expulsor 34, an inlet valve 36, and an 

10 outlet valve 38. As will be discussed in connection 

with Figure 3, expulsor 34 and valves 36, 38 move from a 
retracted position to an extended position to deform 
pump segment tubing 30, thereby causing fluid 25 to be 
propelled through the tubing to the needle, where it is 

15 administered to the patient. Pressure plate 40 

preferably retains pump segment tubing 30 against 
expulsor infusion pump 22. In the preferred embodiment, 
fluid container 24 is a medication container which also 
incorporates pressure plate 40. 

20 Pump mechanism 32 shown in Fig. 1 may include 

an outlet sensor 42 for determining the pressure in 
tubing 26 downstream from outlet valve 38, and an inlet 
sensor 44 for determining transient fluid pressure 
upstream of inlet valve 36. As discussed in detail 

25 below, the method for determining the fluid pressure in 
a fluid tube across the tube wall where the normal tube 
force changes over time is preferably used in 
combination with sensors 42 and 44. 
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It will be understood that a variety of 
devices may be used as force sensors 42, 44 shown in 
Fig. 1. Examples include silicon piezoresistive 
sensors, piezoelectric sensors, diaphragm gauges, 
5 bending beam sensors or force sensing resistors (FSR) . 
Silicon piezoresistive sensors are available from 
Motorola Corporation in Arlington Heights, IL or 
Honeywell Corp. of Minneapolis, MN. Force sensing 
resistors resemble a membrane switch which changes 

10 resistance inversely with applied force. There are also 
a variety of bending beam style sensors which can 
accurately measure force as a function of displacement. 
The bending beam type sensors preferably use either foil 
type or silicon strain gauges, optical, capacitive and 

15 magnetic (Hall-effect) sensors. Preferred sensors 

include the bending beam sensors. It will be understood 
that most of the sensors discussed in the foregoing 
section measure force, which can be converted by a 
processor module 50 (Fig. 1) into a fluid pressure 

20 value. 

The pressure readings from these sensors are 
transmitted to control module 46. As best shown in Fig. 
1, control module 46 is preferably physically attached 
to pump mechanism 32 of expulsor infusion pump 22. 
25 Depending on the type of sensor utilized, control module 
4 6 preferably contains an analog-to-digital converter 
48, which is in communication with central processing 
module 50 and a non-volatile memory device 52 . Central 
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processing module 50 also controls operation of pump 

mechanism 32. 

Figure 3 is a cut-away side view of expulsor 
infusion pump 22. Because of its small size and weight, 
pump 22 may be secured to the patient by a belt {not 
shown) , allowing for continuous infusion of the 
intravenous fluid at the desired rate. However, it will 
be understood that expulsor infusion pump 22 may be used 
in a pole-mounted configuration for a non- ambulatory 
patient, such as shown in U.S. Pat. No. 4,191,184, 
issued to Carlisle on March 4, 1980, which is hereby 
incorporated by reference. 

Control module 46 of Fig. 3 generally includes 
a motor 70. A housing (See Figure 2) is provided to 
15 enclose pumping mechanism 32 and control module 46. 

Expulsor infusion pump 22 includes pressure plate 40, 
which may be part of a medication container (not shown) , 
as discussed above. Pump segment tubing 30 is 
positioned between pump mechanism 32 and pressure plate 

20 40. 

Pump mechanism 32 includes a rotatable 
camshaft 72. Camshaft 72 includes a first cam 80, a 
second cam 82 and a third cam 84 . A chassis 74 and 
braces 76 provide for rotatably holding camshaft 72 to 

25 pump mechanism 32. 

As discussed above, pump mechanism 32 has 
inlet valve 3.6, expulsor 34, and outlet valve 38. 
Valves 36, 38 and expulsor 34 are reciprocally mounted 
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to chassis 74. Inlet valve 36, expulsor 34, and outlet 
valve 38 are engageable with respective cams 80, 82 and 
84 such that they are reciprocally removable in response 
to the rotation of the respective cams. Inlet valve 3 6 
5 and outlet valve 38 include respective tips 90, 92 for 
engaging pump segment tube 30 during reciprocal 
movement. Expulsor 34 includes a surface 94 for 
engaging pump segment tube 30 during reciprocal movement 
during the expulsion cycle . 
10 Figures 4A through 4E illustrate the sequence 

of valves 3 6 and 38 and expulsor 34 movements during an 
expulsion pumping cycle of preferred pumping system 20 
illustrated in Fig. 1. It will be understood that 
Figures 4A-E are not intended to limit the present 
15 invention to the expulsor pump discussed above, but are 
set forth only as an exemplary embodiment. Other 
pumping mechanisms can be employed as discussed above. 
It will be further understood that the upstream and 
downstream sensors can be individually and singly 
20 incorporated into the system or incorporated together 

into the system although the illustration is based upon 
incorporation together. A graph showing the 
corresponding pressure measured by inlet and outlet 
sensors 44 and 42 during each phase of the pumping cycle 
25 is provided adjacent to each of the valve configurations 
shown . 

Figure 4A shows outlet valve 3 8 compressing 
pump segment tubing 30 to prevent the flow of fluid. 
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Expulsor 34 and inlet valve 36 are in the retracted 
position and pump segment tubing 30 is fully expanded. 
Fluid is at equilibrium with the fluid in the medical 
container (not shown) and the pressure difference 
5 resulting from the height of the medication container 
relative to the pump (upstream head difference) . The 
adjacent pressure-time graphs show the upstream pressure 
at a relatively stable baseline pressure 100 and the 
downstream pressure in equilibrium with the patient's 

10 fluid pressure. 

Figure 4B shows inlet valve 3 6 extended to 
compress pump segment tubing 30 closed. Because outlet 
valve 38 is closed, the extension of inlet valve 3 6 
reduces the volume of the lumen of tube 30, causing a 

15 slight pressure increase 102 in the upstream pressure 

detected by sensor 44. The downstream pressure detected 
by sensor 42 remains at patient equilibrium and the 
pressure difference resulting from the height of the 
pump relative to the patient (downstream head 

20 difference) . 

Figure 4C illustrates outlet valve 38 
beginning to move to the retracted position. The 
movement of outlet valve 38 is isolated from sensor 4 4 
by inlet valve 36 so that there is no impact on sensor 

25 44 . The pressure increase 102 caused by the extension 
of inlet valve 36 dissipates back toward baseline level 
100. The transient pressure downstream detected by 
sensor 4 2 decreases slightly due to the increased tube 
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volume under outlet valve 38. 

Figure 4D shows outlet valve 38 in a fully 
retracted position and expulsor 34 moving to an extended 
position to compress pump segment tubing 30. The 
pressure-time graphs for Fig. 4D show a leveling of the 
upstream pressure to a baseline level 104 and the 
downstream pressure beginning to increase toward its 
transient maximum. As expulsor 34 moves to its fully 
extended position, the fluid in pump segment tubing 30 
is expelled into the delivery tubing connected to the 
patient. Downstream sensor 42 correspondingly detects a 
transient maximum in pressure which decreases as the 
fluid is transmitted into the patient (acting as a fluid 
pump) . 

Figure 4E shows outlet valve 38 again in the 
extended position and inlet valve 36 and expulsor 34 
retracting, in a configuration similar to that shown in 
Figure 4A. As pump segment tubing 30 expands, a vacuum 
is created which draws in fluid from the medication 
container (not shown) . The resilience and elasticity of 
pump segment tubing 30 causes it to assume its original 
shape. The expansion of pump segment tubing 30 
proximate inlet valve 36 increases the volume available 
for the fluid, causing a reduced pressure condition to 
be detected by inlet sensor 44, illustrated as a 
transient negative spike 106. Generally, the magnitude 
of negative spike 106 is a function of the amount of 
fluid displaced by inlet valve 36 and expulsor 34 and 
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the flow impedance of the tubing 26 upstream of expulsor 
infusion pump 22. After a brief time, the pressure of 
the fluid in pump segment tubing 30 reaches an 
equilibrium 100' with the fluid in the medication 
5 container ( See Figure 4A) . The pressure condition 

detected by outlet sensor 42 is a baseline equilibrium 
for the patient's pressure plus any downstream head 
difference . 

Generally, the upstream and downstream 

10 pressure conditions represented by graphs 4 A through 4E 
represent the normal operating condition of the system 
in an un-occluded condition. These pressure conditions 
are stored in the system memory (e.g. memory device 52, 
Fig. 1) for use in the pressure comparison method of the 

15 invention. Generally, these conditions are present 
during the initial period, preferably the first few 
minutes, more preferably the first 2-5 minutes of 
operation of the system. These initial operating 
conditions typically are monitored by the trained 

2 0 patient or by a health care medical person such that 
occlusion would otherwise be noted. The system 
preferably may include a selected set of pressure 
conditions preloaded into the system memory. This pre- 
selected set can be established during manufacture or by 

25 the user (e.g., doctor) and represents a set of typical 
known operating conditions for the system. Preferably 
included within this pre-selected set are: the 
operating pressure maximum, the transitory pressure drop 



WO 96/03168 



PCI7US95/09440 



19 

at the beginning of the cycle and the transitory safety 
pressure maximum. Other conditions such as rate of 
pressure decrease and/or increase during the pumping 
cycle can also optionally be included. The initial 
5 period of system operation preferably can be compared to 
the pre -selected set to further establish the absence of 
occlusions during the first few minutes of operation. 
The comparison is preferably made according to a set of 
pressure condition deviation parameters installed at 

10 manufacture or by the user. The deviation parameters 

provide for acceptable deviation of the system operation 
conditions from the pre-selected set conditions. As 
long as the system is operating within the established 
deviation parameters for the pre-selected set of 

15 conditions, the system accepts and stores the pressure 
conditions of the initial period of operation as the 
normal operating conditions. If the system does not 
accept these conditions, the system preferably shuts 
down the infusion administration pumping system or 

20 otherwise signals that a problem exists. 

Generally, occlusions upstream or downstream 
of the infusion pump are detected by the system of the 
invention according to a comparison method of the 
invention. Points on the transient pressure curve 

25 detected by the respective sensor are compared with the 
corresponding points on the normal pressure curve for 
upstream or downstream pressure which has been stored in 
the system memory as described above. The general 
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capability for occlusion detection is provided by 
comparison of the pressure sensed during the present 
cycle with the stored normal pressure curve according to 
pump cycle timing. An allowed deviation between the 
5 cycle pressure detected and the corresponding point 
along the normal pressure curve can be included to 
account for minor transient and/or system variations 
which occur during normal operation of an infusion pump 
system. 

L0 Figure 5 is a pressure -time graph measured by 

the inlet sensor illustrating the transition of the 
pressure profile from normal operation to an upstream 
occlusion condition. As discussed in connection with 
Figures 4A and 4E, retraction of the inlet valve causes 

L5 a negative pressure spike 119 and the pressure drops 
from a baseline pressure 118 to a reduced pressure 
condition 120. After the inlet valve has retracted, the 
pressure generally returns to a pre-activation baseline 
level 118' and 118". 

2 0 At a time sequence 122 an upstream occlusion 

occurs close to the expulsor infusion pump (e.g., within 
6 inches) . As the inlet valve retracts, the pressure 
drops below baseline level of 118" causing a negative 
pressure spike 124. However, because the upstream 

25 occlusion prevents the fluid from backfilling the 
expanded pump segment tubing a reduced pressure 
condition 126 remains. 

Figure 6 illustrates a pressure- time graph for 
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the transition from normal operation to an upstream 
occlusion far from the pump. Figure 6 illustrates an 
upstream occlusion approximately 60 inches from the 
expulsor infusion pump. Op until time sequence 130 
where the occlusion occurs, the pressure -time graph 
appears substantially the same as in Figure 5. 
Retraction of the inlet valve causes a negative spike 
131 (Fig. 6). However, the occlusion prevents a reduced 
pressure condition 132 from returning to a baseline 
level (e.g., 118, US', 118"). The reduced pressure 
condition 132 causes the resilient tubing to collapse, 
allowing a slight pressure increase 134 to be detected 
by the inlet sensor. With each subsequent expulsion 
cycle, a pressure increase 134', 134" becomes smaller, 
until the upstream tubing is effectively collapsed and a 
stable, reduced pressure condition 126' is reached. 

Figure 7 illustrates a pressure-time graph for 
the transition from normal operation to a downstream 
occlusion between the expulsor infusion pump and the 
patient. Until time sequence 130' where the occlusion 
occurs, the pressure-time graph appears substantially 
the same as the sequences shown in the downstream 
pressure-time graphs for Figs. 4A through 4D. 
Retraction of the outlet valve and extension of the 
expulsor compress the pump segment tubing and expel the 
fluid in that pump segment tubing into the delivery 
tubing connected to the patient. However, the occlusion 
prevents the fluid from passing into the patient. The 
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larger than normal volume of fluid in the delivery tube 
causes the transient maximum pressure condition measured 
by the outlet sensor to increase above a normal maximum 
pressure condition. In addition, the increased volume 
5 prevents the pressure maximum from decreasing to a 

normal baseline or steady state condition. Instead, the 
larger than normal volume of fluid in the delivery tube 
establishes a higher baseline or steady state downstream 
pressure condition. With each subsequent expulsion 

10 cycle, the steady state pressure downstream in the 

patient delivery tube is step-wise increased until the 
downstream steady state pressure theoretically equals 
the maximum pressure capability of the pump. Long 
before this condition is reached, however, the maximum 

15 pressure changes and the step-wise steady state signal 
changes detected by the downstream sensor across the 
wall of the tubing will identify a downstream occlusion. 

Generally, if pressure drops as shown by 
points 124 and 126 of the graph Fig. 5, or points 131 

20 and 132 of the graph Fig. 6, appear through the 

comparison process, an upstream occlusion is indicated. 
Preferably, the system notes the pressure drop and the 
absence of a pressure rebound to the original baseline 
value or a continuation of a decreased steady state 

25 condition of the baseline. The system will immediately 
signal that an upstream occlusion is present when this 
condition occurs. Likewise, as shown by points 142, 
144, 14 6 of graph Fig. 7, if a step-wise increase in the 
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baseline or steady state pressure condition downstream 
relative to the corresponding pressure of a normal 
pressure curve in the system memory occurs or a 
significantly higher pressure maximum relative to the 
5 corresponding pressure of the normal pressure curve 
occurs {points 143, 146), a downstream occlusion is 
indicated. The system will immediately signal the 
presence of a downstream occlusion when either of these 
conditions occurs. The allowed deviation gap or 

10 magnitude for the pressure difference required for 

signalling the presence of an upstream or downstream 
occlusion can be adjusted from a minimum of 2 psi up to 
30 psi. The allowed deviation gap also can be adjusted 
according to the type of tubing composition present, the 

15 tubing size, and other fixed properties of the tubing. 

According to the system and method of the 
invention, the tube force/tube resiliency normalization 
process is also preferably incorporated into the method 
for pressure condition determination. Infusion tubing 

2 0 has a tendency to "stress relax" over time due to its 
polymeric nature, affecting the accuracy of pressure 
readings by the sensor. Furthermore, the pressure 
readings provided by the sensor through the tubing wall 
include not only the fluid pressure component but also 

25 the pressure or force of the wall itself. Therefore, 

the system preferably incorporates a process to account 
for these factors so as to increase the accuracy of 
pressure measurement . 
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The process generally involves partially 
compressing the tubing against the sensor so that the 
resilience of the tubing exerts a measurable force. 
This measurement is made with fluid in the tubing but 
5 before the fluid is pressurized. It provides an 
"estimated tube force" value. The "estimated tube 
force" can then be subtracted from a tube wall force 
measurement after the fluid is pressurized in order to 
determine the actual fluid pressure. However, as the 

10 tubing relaxes, the tube force will decrease, causing 

potential inaccuracy in the fluid pressure measurement . 
Consequently, a relaxation factor is factored into the 
tube force normalization process. The determination of 
that relaxation is discussed in detail below. 

15 The relaxation factor maybe independently 

determined and maintained for upstream and downstream 
tubing. The reason is that upstream and downstream 
tubing relaxation may differ due to differences in the 
tubing or due to differences in the intial stress. 

20 While the following discussion generally 

reflects using the outlet sensor to evaluate tube 
relaxation upstream and downstream, it will be 
understood that either of inlet and sensors 42, 44 or 
both may also be used for establishing the normalization 

25 process and preferably the inlet and outlet sensors are 
used together for independent normalization upstream and 
downstream. All structural features mentioned in the 
following discussion are based upon Fig. 1. 
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The details of the process of the invention to 
normalize force or pressure readings due to tube force 
variations such as stress relaxation are shown by- 
Figures 8A and 8B as flow charts of the process steps. 
5 The flow charts show how to determine the fluid pressure 
in a fluid tube across the tube wall where the normal 
tube force changes over time. It also shows how to 
detect transient signal changes detected by upstream 
and/or downstream sensors across the wall of the tubing 

10 and identify upstream and/or downstream occlusions, 

respectively. The software for conducting this process 
is preferably stored in a non-volatile memory device 52 
(Fig. 1) and executed in CPU 50 (Fig. 1) . 

As shown in Fig. 8A, preliminary steps taken 

15 before conducting the steps for tube force factoring 
include establishment of working parameters for the 
system. The process takes input information about the 
type of medication container being used, step 160, and 
the user selected pressure values (e.g., maximum alarm 

20 pressure, step 162) for infusion operation. The first 

preliminary step involves conformation of the medication 
container. The control module of expulsor fusion pump 
preferably detects and stores, at step 160, the type of 
medication container attached to the expulsor pump. 

25 Alternatively, the type of medication container may be 
input by the user using a keypad or some other input 
device (See Figure 2) . 

In a second preliminary step, the system 



WO 96/03168 



PCT/US95/09440 



26 



preferably provides the user with the option to pre- 
select pressure values such as the normal baseline, 
transient pressure decrease, operating maximum and 
safety maximum pressures discussed above. Preferably at 
5 least the value corresponding to the maximum operating 
pressure for the system, as measured by the outlet 
sensor is set. Alternatively, the alarm pressure may be 
preset by the health care provider or the pump 
manufacturer. The user alarm pressure limit 162 is 
10 preferably a function of the flow impedance of the 

system. Where the flow impedance is large, a larger 
user selected alarm pressure is preferred in order to 
prevent false occlusion alarms. On the other hand, 
where the flow impedance of the system is low, a lower 
15 user selected alarm pressure will provide greater 
sensitivity to occlusions. 

After completion of the preliminary steps, the 
process for factoring of tube force variations is begun. 
According to this process, an estimated tube force 
measurement, step 164, is preferably taken by the outlet 
sensor before the fluid is pressurized by the pump, 
e.g., before the first infusion cycle. This estimated 
tube force generally equals the force necessary to 
compress the tube in the area of the pressure sensor, as 
a result of the stiffness or resiliency of the tube, 
assuming there is no pressure differential across the 
wall of the tube due to atmospheric pressure. This 
determination is made according to the partial 
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compression technique discussed above. Since there is 
generally a time delay between pump activations, any 
pressure build-up in the tube during un-occluded 
infusion normally dissipates before the next activation, 
so that there is no pressure differential across the 
tube wall'. 

As diagrammed in Fig. BA (structural features 
reference Fig. 1) , pump segment tube 30 is preferably 
partially compressed between sensor 42 and pressure 
plate 40 so that sensor 42 will register a tube force 
(estimated tube force) when fluid 25 is not pressurized 
by the pump. The estimated tube force may be subtracted 
from the force measurements obtained after the pump is 
activated to determine the actual fluid pressure. 
However, as is discussed below, the estimated tube force 
is evaluated prior to each infusion cycle and updated to 
compensate for changes in tubing 26 over time. 

Pump motor 70 is then activated at step 166 
(Fig. 8A> . immediately after motor 70 is activated at 
step 166, a group of one or more sample force 
m easurements 168 are taken by the sensor. The sample 
force measurements 168 are taken immediately prior to 
the infusion cycle. Because of the arrangement of cams 
84 in the preferred exemplary embodiment, there is 
approximately a short delay (about X00 ms) between the 
time when motor 70 is activated and when outlet valve 38 
begins to open. Consequently, sample force measurements 
168 are taken before fluid is pumped by system 20. With 
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preferably taken prior to the retraction of inlet valve 
36. 

Because the upstream pressure also drops when 
5 there is an upstream occlusion, the normalization 

process also determines whether the upstream pressure 
decrease is due to tube relaxation or an occlusion. 
This determination is accomplished either by comparing 
the estimated tube forces measured upstream and 

10 downstream, or by comparing the upstream sensed pressure 
with a standard relaxation curve. A significant 
deviation (at least about + 2 psi) in either of these 
comparisons means that an upstream occlusion is also 
causing at least part of the pressure drop. 

15 The microprocessor 50 (Fig. 1) then determines 

an average and a range {maximum and minimum readings) 
170 (Fig. 8A) after motor activation but before the 
pumping cycle begins. If during the first pump 
activation the range is larger than a disturbance 

20 constant 172, average 170 is discarded and estimated 

tube force 164 or 178 is used in its place. Disturbance 
constant 172 is a measure of pressure variability and is 
a pre -set, selected value inputted by the manufacturer 
or user (e.g., doctor). This constant allows 

25 determination whether the force prior to the expulsion 

cycle is sufficiently stabilized to determine a baseline 
value . 

The estimated tube force is updated by 
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subtracting a fraction of the difference between the 
average of force measurements 170 and the estimated tube 
force. If this new intermediate value is less than the 
estimated tube force, the estimated tube force is 
5 replaced by the new intermediate value. 

Preferably, the estimated tube force is 
updated only by some percentage of that difference. In 
this way, updated estimated tube force 178 stored by the 
system is similar to a running average which tends to 

10 lag behind the actual force measurements being measured. 
This lag is desireable in order to prevent an anomalous 
pressure reading from dramatically altering the 
estimated tube force, and subsequently causing an 
erroneous evaluation of the pressure profile of system 

15 20. If average 170 is greater than estimated tube force 
164, adjustment 178 is not made to estimated tube force 
164 . 

As shown in Fig. 8B, sample force readings are 
taken during a fluid pumping cycle 160, and the lowest 

2 0 and highest values are stored for future use. After 

motor 70 is deactivated at step 182, a post activation 
force is measured 184. Updated estimated tube force 178 
is then subtracted from post activation force 184 and 
the minimum and the maximum force measured at cycle 1B0. 

2 5 These values are used to calculate the maximum pressure 
rise and the post activation pressure. 

As indicated above, there may be a 
manufacturer determined maximum operating pressure for 
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system 20. This maximum pressure may generally 
correspond to a pressure somewhat below (e.g., 5 to 10 
psi) the pressure needed to compromise the weakest part 
of the fluid line and associated components of system 
5 20. If at any time during pumping cycle 180, that 

maximum operating pressure is exceeded (as measured by 
outlet sensor 42) system 20 preferably terminates 
operation and a downstream occlusion is signalled at 
step 188 (Fig. 8B) . If the highest pressure reading 
10 during pumping cycle 180 is less than the maximum 

operating pressure of system 20 according to step 188 
{Fig. 8B) , microprocessor 50 may then evaluate at step 
190 (Fig. 8B) whether the post-activation pressure is 
greater than a user- selected downstream pressure limit 
162. Alternatively or additionally, if the post- 
activation pressure exceeds user- selected downstream 
pressure limit 162, a downstream occlusion is signaled 

192 (Fig. 8B) . 

In a system which includes upstream and 
downstream sensors, if the post-activation pressure does 
not exceed the user-selected downstream pressure limit 
at step 190, the system then evaluates whether an 
upstream occlusion has occurred. The upstream occlusion 
pressure limit is preferably preset by the manufacturer 
of the pump but may alternatively be selected by the 
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user. 



Upstream occlusions are detected at step 194 
(Fig. 8B) by evaluating the transient pressure readings 
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at upstream sensor 44 using a variety of possible 
techniques. For example, it is possible to measure the 
magnitude of the negative spike 124 (Fig. 5) and compare 
it with the normal negative spikes 119 {Fig. 5). 

Alternatively, the magnitude of the distance 
between reduced pressure condition 126 (Fig. 5) and 
baseline level 118 (Fig. 5) can provide an indication to 
be monitored and an occlusion indicated if the magnitude 
exceeds a predetermined value. 

Alternatively, measure the change in pressure, 
from atmospheric to some negative value, using the 
moving estimated tube force to determine the baseline 
or atmospheric (and head height) value. 

Another alternative for pressure condition 
15 comparison involves monitoring the magnitude of the 

change in pressure over time. This variable corresponds 
to the slope of the pressure-time graph. If the slope 
of the negative spike exceeds a certain value, an 
occlusion is indicated. 

The occurrence of a positive change in 
pressure over time after the occurrence of a negative 
change in pressure over time can also be used to 
identify upstream occlusion. The absence of a positive 
slope after the occurrence of a negative scope would 
25 indicate an upstream occlusion. 

Finally, system 20 determines if pump 32 is 
attempting to pump air by comparing the highest pressure 
and lowest pressure values during an expulsion cycle 
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approximately 2 psi at step 200, the system indicates 
that only air is being pumped or that the sensor has 
failed. 

5 The user is notified that an occlusion has 

occurred preferably by an audible alarm and an error 
message on an operating display 204. If no error has 
occurred, motor 70 is activated 166 for another 
expulsion cycle. 

10 An advantage of the present invention is its 

accounting for changes in tube force factors during 
operation of the infusion system. These changes' can be 
significant and can greatly affect pressure 
determination made by the system. Figure 9 is an 

15 exemplary graphical illustration of the estimated tube 
force reading (voltage) detected over time and 
illustrates the benefits of the above-mentioned 
advantage of the invention. The graph shows how stress 
relaxation can change the force necessary to compress 

20 the tube over time. The graph was obtained by direct 

force measurement of the tubing over time by the sensor. 

In addition to the stress relaxation effects 
upon fluid pressure, temperature can affect tube force 
and sensor function. Because the tubing is elastomeric, 

25 it is softer at higher temperatures. Another advantage 
of the invention provides for an accounting of pressure 
variations due to temperature. For example, controller 
46, which has an internal clock, can be programmed to 
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electronically compensate for these increases in the 
voltage reading for a given pressure over a range of 
temperatures. Therefore, fluid pressure may be 
evaluated as function of force, temperature, and time: 
Pressure = f {Force, Temp., time). 

Figure 10 illustrates the benefits of 
accounting for the effect of temperature upon fluid and 
tube pressure. This figure depicts a series of examples 
of the voltage generated by the sensors 42, 44 as a 
function of pressure for 8-C, 23-C and 38°C. Each curve 
in the top grouping of curves corresponds to the non- 
normalized tube force measured as a voltage for each 
medication container evaluated (one for each normalized 
and non-normalized temperature) . The bottom grouping of 
curves corresponds to the top grouping with the initial 
tube force subtracted out (i.e., normalized). The 
bottom grouping which excludes tube force, illustrates 
the variable effect of temperature upon the signal 
generated by the fluid pressure . If there were no 
variation, one line should appear. As is well known, 
however, temperature inversely affects tubing 
resiliency. As the temperature increases, the tubing 
resiliency decreases and the corresponding measured 
voltage increases as shown by the difference in scopes 
for the bottom grouping of curves. A temperature sensor 
156 may be included with the control module in order to 
provide more accurate pressure readings during operation 
of the infusion pump. 
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Other modifications of the invention will be 
apparent to those skilled in the art in view of the 
foregoing descriptions. These descriptions are intended 
to provide specific examples of embodiments which 
5 clearly disclose the present invention. Accordingly, 
the invention is not limited to the described 
embodiments or to the use of specific elements, 
dimensions, materials or configurations contained 
therein. All alternative modifications and variations 
10 of the present invention which fall within the spirit 
and broad scope of the appended claims are covered. 
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WHAT IS CLAIMED IS: 

1. A system for detecting an occlusion in a 
fluid tube upstream of an infusion pump, the infusion 
pump creating a normal, transient reduced pressure 
5 condition upstream of the pump during un-occluded 
operation, comprising: 

a pressure sensor operatively connected to the 
fluid tube upstream of the infusion pump for monitoring 
the transient pressure changes in the fluid tube 
10 upstream of the infusion pump during an infusion cycle, 
a control module connected to the sensor, the 
control module including means for identifying transient 
pressure conditions during un-occluded operation and 
means for comparing a reduction in fluid tube pressure 
15 during an infusion cycle with the pressure conditions 
identified during non- occluded operation; and 

an alarm module for signaling an upstream 
occlusion when the means for comparing indicates the 
reduction in pressure does not compare with the 
20 transient pressure conditions identified during un- 
occluded operation. 

2. The system according to claim 1, wherein 
the pressure sensor is a force sensing resistor, a 
25 piezoresistive sensor, a piezoelectric sensor, a 

diaphragm piston gauge, a bending beam gauge, a strain 
gauge or a hall-effect sensor. 
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3. A system for detecting an occlusion on a 
fluid tube downstream of an infusion pump, the pump 
creating a transient increased pressure condition 
downstream of the pump during un-occluded operation, 
5 comprising: 

a pressure sensor operatively connected to the 
fluid tube downstream of the infusion pump for 
monitoring the transient pressure changes in the fluid 
tube downstream of the infusion pump during an infusion 
10 cycle, 

a control module connected to the sensor, the 
control module including means for identifying the 
transient pressure maximum condition and baseline steady 
state during un-occluded operation and means for 

15 comparing the transient pressure maximum and baseline 
steady state during an infusion cycle to the pressure 
conditions identified during un-occluded operation, and 

an alarm module for signaling a downstream 
occlusion when the means for comparing indicates the 

20 transient maximum or baseline steady state pressure 
change does not compare with the pressure conditions 
identified during un-occluded operation. 



4. A system according to claim 3, which 
further comprises a system for detecting an upstream 
occlusion comprising: 

a pressure sensor operatively connected to the 
fluid tube upstream of the infusion pump for monitoring 
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the transient pressure changes in the fluid tube 
upstream of the infusion pump during an infusion cycle, 

a control module connected to the upstream 
sensor, the control module including means for 
identifying transient pressure conditions during un- 
occluded operation and means for comparing a reduction 
in fluid tube pressure during an infusion cycle with the 
pressure conditions identified during non-occluded 

operation; and 

an alarm module for signaling an upstream 
occlusion when the means for comparing indicates the 
reduction in pressure does not compare with the 
transient pressure conditions identified during un- 
occluded operation. 

5 . A system according to claim 4 , which 
includes a third control circuit for determining 
priority between the downstream and upstream detector 
control circuits. 



6. The system according to claim 3, wherein 
the pressure sensor is a force sensing resistor, a 
piezoresistive sensor, a piezoelectric sensor, a 
diaphragm piston gauge, a bending beam gauge, a strain 

25 gauge or a hall-effect sensor. 

7. A system according to claim 1, wherein 
the infusion pump is selected from the group consisting 
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of a peristaltic pump, a roller pump, an expulsor pump, 
a finger pump and a piston cassette pump. 

8. A system according to claim 3, wherein 

5 the infusion pump is selected from the group consisting 
of a peristaltic pump, a roller pump, an expulsor pump, 
a finger pump and a piston cassette pump. 

9. A system for determining the fluid 

10 pressure in a fluid tube of an infusion system where the 
fluid tube is partially compressed by a pressure sensor 
and the fluid tube exerts a tube force on the sensor 
that changes over time, the infusion system having a 
first and subsequent infusion cycles, comprising: 

15 a control module connected to the sensor for 

receiving force readings, for calculating fluid 
pressure, and for controlling the infusion cycle; 

first means for determining an estimated tube 
force on the sensor due to the stiffness of the tube 

20 prior to the first infusion cycle; 

means for acquiring a force measurement prior 
to an infusion cycle; 

second means for determining if the force 
measurement prior to an infusion cycle is less than the 

25 estimated tube force including means for updating the 
estimated tube force if the force measurement is less 
than the estimated tube force as a function of the . 
difference between the estimated tube force and the 
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force measurement; and 

means for calculating and storing the fluid 
pressure as a function of at least the force measurement 
less the estimated tube force. 

5 

10. A system according to claim 9, wherein 
the second means for determining employs a standard 
relaxation curve for the tubing to update the estimated 
tube force. 

10 

11. A system according to claim 9, which 
further comprises a system for detecting an upstream 
occlusion comprising: 

a pressure sensor operatively connected to the 
15 fluid tube upstream of the infusion pump for monitoring 
the transient pressure changes in the fluid tube 
upstream of the infusion pump during an infusion cycle, 

a control module connected to the upstream 
sensor, the control module including means for 
20 identifying transient pressure conditions during un- 

occluded operation and means for comparing a reduction 
in fluid tube pressure during an infusion cycle with the 
pressure conditions identified during non-occluded 
operation; and 
25 an alarm module for signaling an upstream 

occlusion when the means for comparing indicates the 
reduction in pressure does not compare with the 
transient pressure conditions identified during un- 
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occluded operation. 

12. A system according to claim 9, which 
further comprises a system for detecting a downstream 
5 occlusion comprising: 

a pressure sensor operatively connected to the 
fluid tube downstream of the infusion pump for 
monitoring the transient pressure changes in the fluid 
tube downstream of the infusion pump during an infusion 
10 cycle, 

a control module connected to the downstream 
sensor, the control module including means for 
identifying the transient pressure maximum condition and 
baseline steady state during un-occluded operation and 
15 means for comparing the transient pressure maximum and 
baseline steady state during an infusion cycle to the 
pressure conditions identified during un-occluded 

operation, and 

an alarm module for signaling a downstream 
20 occlusion when the means for comparing indicates the 
transient maximum or baseline steady state pressure 
change does not compare with the pressure conditions 
identified during un-occluded operation. 



25 



13. A system according to claim 9 r which 
further comprises a system for detecting upstream and 
downstream occlusions comprising: 

an upstream pressure sensor operatively 
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connected to the fluid tube upstream of the infusion 
pump for monitoring the transient pressure changes in 
the fluid tube upstream of the infusion pump during an 
infusion cycle, 
5 a control module connected to the upstream 

sensor, the control module including means for 
identifying transient pressure conditions during un- 
occluded operation and means for comparing a reduction 
in fluid tube pressure during an infusion cycle with the 
10 pressure conditions identified during non-occluded 
operation; 

an alarm module for signaling an upstream 
occlusion when the means for comparing indicates the 
reduction in pressure does not compare with the 

15 transient pressure conditions identified during un- 
occluded operation; 

a downstream pressure sensor operatively 
connected to the fluid tube downstream of the infusion 
pump for monitoring the transient pressure changes in 

20 the fluid tube downstream of the infusion pump during an 
infusion cycle, 

a control module connected to the downstream 
sensor, the control module including means for 
identifying the transient pressure maximum condition and 

25 baseline steady state during un-occluded operation and 
means for comparing the transient pressure maximum and 
baseline steady state during an infusion cycle to the 
pressure conditions identified during un-occluded 
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operation, and 

an alarm module for signaling a downstream 
occlusion when the means for comparing indicates the 
maximum or baseline steady state pressure change does 
5 not compare with the pressure conditions identified 
during un- occluded operation. 



14. A method for determining the fluid 
pressure in a fluid tube of an infusion system where the 
10 fluid tube is partially compressed by a pressure sensor 
and the fluid tube exerts a tube force on the sensor 
that changes over time, the infusion system having a 
first and subsequent infusion cycles, comprising the 
steps of: 

15 a ) determining an estimated tube force on 

the sensor due to the stiffness of the tube; 

b) acquiring a force measurement prior to an 

infusion cycle; 

c) determining if the force measurement 
20 prior to an infusion cycle is less than the estimated 

tube force including updating the estimated tube force, 
if the force measurement is less than the estimated tube 
force, as a function of the difference between the 
estimated tube force and the force measurement; and 
25 d) calculating and storing the fluid 

pressure as a function of at least the force measurement 
less the estimated tube force. 
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15. A method of claim 14, wherein the step of 
determining the estimated tube force comprises the step 
of measuring the force exerted on the sensor by the tube 
prior to the first infusion cycle. 

5 

16 . A method of claim 14 , . wherein the step of 
updating the estimated tube force comprises the step of 
subtracting a percentage of the difference between the 
estimated tube force and the force measurement from the 

10 estimated tube force. 

17. A method of claim 14, wherein the step of 
calculating and storing the fluid pressure further 
includes providing a temperature sensor connected to the 

15 control circuit and calculating the fluid pressure also 
as a function of temperature . 

18. A method according to claim 14, wherein 
the step of determining if the force measurement prior 

20 to an infusion cycle is less than the estimated tube 

force includes the step of updating the estimated tube 
force by applying a standard relaxation curve for the 
fluid tubing. 

25 19. A method according to claim 14, further 

comprising : 

monitoring the transient pressure changes in 
the fluid tube upstream of the infusion system during ar 
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infusion cycle comparing the monitored transient 
pressure changes with pressure conditions identified 
during unoccluded operation; and 

signaling the present of an upstream occlusion 
5 when the monitored transient negative pressure changes 
do not compare with the pressure conditions identified 
during unoccluded operation. 

20. A method according to claim 19, wherein 
10 the monitoring step is accomplished by a sensor upstream 

of the infusion system. 

21. A method according to claim 19, wherein 
the unoccluded operation is the first through fifth 

15 cycles of the infusion system. 

22. A method according to claim 14, further 

comprising: 

monitoring the transient maximum pressure 

20 change and baseline steady state in the fluid tube 

downstream of the infusion system during an infusion 
cycle; 

comparing the monitored transient maximum 
pressure change and baseline steady state with pressure 
25 conditions identified during unoccluded operation; and 
signaling the presence of a downstream 
occlusion when the comparing indicates a short or long- 
term pressure increase in the transient maximum pressure 
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or baseline steady state condition determined from the 
pressure conditions identified during unoccluded 
operation. 

5 23. A method according to claim 22, wherein 

the monitoring step is accomplished by a sensor 
downstream of the infusion system. 

24. A method according to claim 22, wherein 
10 the unoccluded operation is the first through fifth 
cycles of the infusion system. 
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